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Abstract

The rotational spectra of *CIONQO, and ¥CIONO, in their ground and first excited torsional
states (vo = 1) have been reinvestigated in selected regions between 84 and 441 Gllz. Anextensive
set of spectroscopic constants has been determined, enabling more accurate predictions of line po-
sitions in the submillimeter region. Accidental near-clcgencracics of rotational levels cause pertur-
bations of the quadruple patterns, allow the observation of a AJ = 2 transition, andresultinthe
precise determination of . The quartic distortion constants along with the vibrational wavenumbers
and inertial defect differences have been used for a calculation of the harmonic force field. The
assignment of the vibrational modesintermsof internal coordinates is discussed. The results are

compared with propertics of related molecules such as Cl1,0.
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L INTRODUCTION

Chlorine nitrate, CIONQO,, has been known for more than 40 years (1). It has attracted con-
siderable interest asan important temporary reservoir speciesinstratospheric chemist ry. Particularly
in the polar vortex, the formation of CIONQ, from ClO and NO, removes substantial amounts of
rcactive chlorine and nitrogen species from catalytic cycles of ozonc destruction. Reactions of
CIONO, on the surfaces of polar stratospheric cloud particles and the subsequent photolysis of the
products release reactive chlorine atoms which lead, for example, to the ozone hole observed over
Antarctica (2). Therefore, most of the large number of studies on chlorine nitrate were initiated in
order to better understand its role in stratospheric chemistry. T'hese studies include microwave (.2, 4)
and millimeterwave spectroscopic investigations (S) in the ground and first excited torsional state (v,
= 1) aswell as infrared (JR) studics in the gas phase (C. g. 6 - 9) and inmatrix (C. g. 10, /7). The v,
and V,vibrational bands have been used to evaluate column densities of stratospheric CIONO, (c.
0. 12). Temperature dependent absorption cross sections have been studied to enable a precise quan-
tification of the compound. More recently, the rotational structures of the v, (/3) and v, band (74)
have been resolved ant] analyzed using diode laser spectroscopy of jet-cooled samples. Recently, the
molecular structure in the gas phase has been revealed by means of electron diffraction (/75).

The primary am of the present study was to examine the bonding of CIONO,, particularly of
the C10 bond. One tool used has been the analysis of the Cl quadrapole tensor in terms of ionic- and
z-bonding. Yurther information, not only on the bonding in this mole.cu]c, but also on the description
of the normal modes interms of interna coordinates, has been gained from a calculation of the

harmonic force field.
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A further aim of thiswork was to provide more precise spectroscopic constants of CIONO, in
the ground and first excited torsional states which should be useful for the analysis and simulation
of vibrational bands, for the study of rotational spcctra of other excited vibrational states, and for the
detection of stratospheric CIONO, by means of millimeter or submillimeter spectroscopy, once the

instrumental sensitivity issufficient for this purpose.

11. EXPERIMENTAL

The methods used for the synthesis of chlorine nitrate were taken from Ref. (/6). At J|']., the
CIONOQ, was obtaincd from the reaction of C1,0 andN,Oq. The latter compounds were synthesized
from Cl, +HgO and NO, + O, respectively.

The measurements were done employing a 1 m long free space, double-path glass cell. Phase-
locked klystrons (Varian) were used as sources, cither on fundamental frequencics (ca. 84-119 G] 17)
with a diodc detector, or at third or fourth harmonic (ca. 369-441 Gl1z) using harmonic gencerators
and aliquid 1 le.-cooled InSb hot electron bolometer as detector. Further details of the spectrometer
system are given elsewhere (17). Measurements were carricd out in a slow flow mode at room tempe-
rature with the sample container held at ca. -11 0°C. The pressure in the cell was adjusted to ~0.05 -
- 2Pa(~0.4 - ~ 1Smrl’er) depending on the strengths of the lines and the intended resolution.

At South Alabama, the chlorine nitrate. sample was synthesized through the reaction of an-
hydrous nitric acid with chlorine monofluoride (/6). Measurements were made in the 200 Gl region

with amicrowave source consisting of a phase-lockecl OK124V 10 klystron driving a harmonic multi-




-6 -
plicr of the King Gordy design (/8); an InSb hot clectron bolometer operated at liquid helium tempe-
ratures was used as the detector. The absorption cd] was a 2-cm 1D stainless steel tube, 3-m inlength,

and was held ar room temperaturc.

111. Observed Spectra and Analysis

Chlorine nitrate is a planar, dightly asymmetric prolaterotor (x = -0.90) with a moderate dipole
component along the a-axis (i, = 0.72 (7) D)and a smaller b-component (y1, = 0.28 (2) D) (4).
Because of the relatively small rotational constants and several low lying vibrational statesits puic
rotational spectrum is rather rich. At room temperature the a-type R-branches arc the strongest
features cven at 450 GHz (80 sJ < 100). This type of transition) was mostly well predicted from
previous measurements (3-5) up to ca. 200 Gllz. The b-typelines were considerabl y weaker, partic -
ularly Q- and P-branch transitions, and they were not as well predicted, mainly because of the. limited
precision of Dy and X-(:= y,, - Xo)- Newly observed transitions improved the predictions, and the
quadrupole patterns were helpful for the assignments, particularly for very weak, rather high K, b-
typc transitions for which splittings were strongly influenced by X--

The observed lines around 100 GHyz consisted mainly of b-type transitions. Some a-type lines
were observed as well, mainly for 7 CIONO,, both in the ground and first excited torsiona state.
Around 200 GHvz higher K, a-type R-branch transitions were recorded along with lower K, a-and
some b-type R-branch transitions. Around 400 G117 a-type R-branch lincs were observed, as well as

some. high K, b-type lines.
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The z-quadrupole axis is expected to be close to the CIO bond which is not aligned with a
principal inertial axis, Therefore, the Cl quadrupole tensor isincompletel y deseribed by its diagonal
clements. }iffects of the off-diagonal quadrupole coupling constant yx,, arc onl y manifest in pertur-
bations of the quadrupole patterns of near-dcgcwmtc rotational levels with AJ <2, AK, =1, and AK,
even. The rotational constants and the. expected manitude of Xa of CIONQO, are such that only few
levels get close enough 10 observe large effects in the frequency regions of the spectrometers used,
Scc Tablel.

The largest effect is seen for * CIONO, in the ground vibration] state. The experimental
spectrum deviates substantially from the one calculated without y ., see Fig 1. In this figure it has
also been shown that of the two rotational transitions two lines each arc essentially unperturbed,
whereas two are shifled by up to ca. 4 M| 1z. The unperturbed levels 24 (g and 23, |, arc less than 43
MI Iz.apart, as can be seem from a detail of the. energy leveldiagram (Fig. 2). Only sublevels with the.
same 7' quantum number can interact. Because AJ = ], one sublevel CaCh is unaffectedin the absense
of other perturbations.

The degrec of perturbation can also be taken as an indication of the degree of mixing. Ac-
cordingly, it was possible not only to observe transition from the 22, s level to 23, |, but also to 24,
16 soe Hig. 3. As expected, the J© = 24.5 hyperfine component is much stronger thanthe 7= 22.5
component; but both arc much weaker than the components of the formally allowed transition.

Bothisotopomers and both vibrational states were fit simultaneously in a global non-linear,
least-squares fit using Pickett's SPrrr/spcAT program suite (79). Individual constants were used
throughout, except for the sextic centrifugal distortion constants. Common sextic constants were

used. In addition, for 71,, Hy, and Hy, changes from *CIONO, to *'CIONO, and from the ground to




the excited torsional state were used; both the.sc changes with their uncertaintics were applied to
YCIONO,, vo = 1. Previously reported microwave and millimeterwave lines (4, S) were also used in
the. fit. Lincs which had residuals larger than four times the estimated uncertainties were eliminated
from the final fit; a different rejection threshold (> three times the estimated uncertainties) affected
the parameters in general within their quoted uncertaintics. The uncertaintics were also little changed,
with the exception of those for y,, because. of relatively large residuals of some carly reported low
J microwave lines with rather large quadrupole splittings.

The newly observed lines are givenin ‘I’able 2. In order to minimize the size of the table, the
I quantum number assignments arc given relative to J; because AJ = A} between lower and upper
state., onc value of I - J is sufficient for an unambiguous assignment, cxcept for the AJ = 2 transition,
in the case of prolate or oblate pairing of rotational transitions K or K, respectively, has been omit-
ted. The complete line list and predictions for the ground vibrational state are available on-line from
the J]']. spectral line cataloguc athttp://spect jpl.nasa. gov or by anonymous ftp at spec.jpl.nasa, gov,
The spectroscopic constants arc in Table. 3; even though Watson's S-reduction is the preferred one
for arather symmetric rotor like CIONQO,, results for the A-reduction ate also included. Quadrupole
coupling constants sac] derived paramcters for *CIONO, in the ground vi brational state arc givenin
Table 4 together with values for the related molecules C1,0 and CIF,

The present spectroscopic constants are more precise than the previous ones or have been
determined for the first time. They allow predictions of lines into the submillimeter region. The un-
certaintics for strong or moderate] y strong lines arc expected to be less than 1 Ml 1z unless K, >> 15
for b-type lines or J >>100, The increased precision of the quartic distortion constants, particularly

Dy, were useful for the force ficld calculation; and they also provided accurate predictions of encrgy
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levels up to moderately high J and K, quantum numbers, important to determine y,, precisely.

The inertial defect differences of the v, band (73) were intended to be used in the force field
calculation. Using the present ground state constants, it was found that the obscrved lines could be
fit with the same standard deviation as in (/3) when only band centers and changes in the rotational
constants were used. The derived constants arc in “liable 5. The present constants agree in general
within cmc standard deviation with those of Ref. (/3).They arc suggested to be more accurate

because fewer constants were nceded.

1V. T] IECIQUADRUPOILE TENSOR

1)Jiagonalization of the quadrupolc tensor reveals that it is rather symmetric around the principal
z-axis and that the absolute value of the coupling constant along this axis is only slightly larger than
in Cl,: --111.8 (2.7). Using methods outlined else.where (24), one derives rather small contributions
from the ionic form CI' ONO,” and from z-bonding, ¢f. Table 4. The principalquadrapole coupling
constants and derived parameters of CIONO, arc very similar to those of C1,0,see ‘1’ able 3; even
though x,, of CL,O was determined for the V,= 2 state only (22),andits precisionmay be limited,
the effect on the derived parameters is suggested to be small. The rather small ionic contributions to
the C10 bonds in CIONO, and Cl1,0 are compatible with the view that the 0X group in general is
only slightly more clectronegative than the Cl atom.

It is interesting to note that the z-guadrupole axes in CIONO, and C1,0 deviate from the C10

bond by a similar amount: 2.75° and 2.4° respectively, ¢f. Fig. 4. Although these deviations arc small
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they are important for estimating the C1O bond character, For example in the casc of C1,0, y,, was
not known initially, and the. z-axis was assumed to be collinear to the C1O bond; ionic- and -char-
acters of 0.35 and 0.09, respectively, were derived for the ClO bond in CL,O (27). If one would
assume in the same way the z-axis in CIONQ, to be aligned with the. C1O bond onc would derive for
example anionic character of about 0.31, similar to that of the CII‘bondin that molecule. This would
be in contrast to the view that the ' atom in general ismuch more electronegative than the OX group.
This type of deviation between a principal quadrupole axis and a molecular bond is found rather
frequently anti has often lead to wrong estimates of ionic- or n-contributions; sec also the investi-

gation of SOCI, in Ref. (2.5).

V. THEHARMONICFORCEFIELD

(a) Calculation

A normal coordinate analysis was undertaken in order to characterize the bonding in CIONO,
and to obtain (inscriptions of the normal modes in terms of internal coordinates. The computation of
the genceral valence force field was carried out with Christen’s program NCA (26). Because thereare
redundant coordinates in CIONO,, the choice of interna coordinates is not straightforward. in the
NCA program the calculation is performed ill Carlesian coordinates, and it is allowed to usc. redundant
coordinates. Since this would lead to a solution space with adimension larger than O (no unique

solution exists even theoretically), the number of coordinates was constraint to 9: the C10, ON, NO,,




11 -

and NO, bonds and the CION, ONQO_, and ON O, angle.s which arc only related to vibrations in &, see

aso Fig. 4; the ONO, out-of-plane coordinate, (oop), and the torsion 7 of the CI, O,, and O, atoms
around the, ON bond, which are related to vibrations in&‘.” I her,structure of Ref. (/5) was taken to
describe the molecular geometry. ‘1 “heinitial force constants were taken from an ab initio calcu 1 at ion
(27) adjustedfor the change in coordinates.

1 or the force ficld calculation several ciiffe.rent types of input data have been taken into ac-
count. The relative weights among the same type of input data (c. g. the quartic distortion constants)
were mostly inversely proportional to the squares of the experimental uncertaintics. Among the
different types the relative uncertainties were chosen to ensure that each type of datais well reprod-
uced with respect to the uncertainties.

The ground state quartic distortion constants in the A-reduction from this study were used with
ten times the experimental uncertaintics; the S-reduction is not implemented in the present N(' A ver-
sion. Band positions of the fundamentals (O. 1 cm”'uncertainty) and ***’Clisotopic shifts (().01 cm!
uric.) forv,andv, (9), v, (13),and v, (8), as well as fundamentals of v,and v, (9),v, (position of
7 CIONO, (/4), scc below), v, (8), and v, (7) were used. The *N isotopic shifts (0.03 cm-l unc.)
of v, - v, and v were taken from Ref. (6). The inertial defect difference.s of v, (74),andv, (().1
times experimental uncertainty), and v, (both from this work) were also used. Because it was difficult
to c.valuate harmonic corrections for the vibrational modes, only the isotopic shifts of v, - v, were
harmonized using factors of 1.034, 1.022, 1.013, and 1.013, respectivel y, for 0,/VI (¢/. Ref. (28)),
derived from the vibrations of NO, (29, .?0) and Cl10 (.5'1).

The isotopic shifts of v, and v, have not been used in the calculations because they are affected

by anharmonic resonances. A Fermi resonance was observed bet weenv and v, + v, (C. g.70). For
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v, of *CIONQO, an anharmonic resonance was observed causing this fundamental to be below that
of ’CIONO,. This is only possible if the perturbing state is at higher wavenumbers for the **Cliso-
topomer and lower for Cl. 11 seems likely that the V,inertial defect difference. would become
smaller for one Clisotopomer and larger for the other. Since the observed values are very similar,
it was concluded that effects of the anharmonic resonance on the v, inertial defect differences are
smal 1, and these parameters may be used in the force ficld calculation. Using values of v, (8) and 2 v,
(9) it maybe concluded that 3 v, (unperturbed positions of ca.1295 cm™ and 1287 cm-" for *CIONO,
and CIONO, respectively) is alikely perturber.

For each piece of data at most one force constant was included in the fit, chosen in general ac-
cording to the largest derivatives. Initially only the fundamentals anti (distortion constants were used.
After adjusting the force field, isotopic shifts and finally inertial defect differences were included.

'I'he v, inertial defect differences were not particular] y weli reproduced. ‘1" here were four force
constants (.., /155 /4ry» @and f,,;) @nong the fixed ones with large derivatives with respect to this para-
meler. A fairly sizeable adjustiment of these force constants (sec ‘J able 6) reduced theresidual only
by ca.1/3.Possible reasons for this somewhat unsatisfactory result may be for example an additional
Coriolis resonance in v, with similar effects on the inertial defects for both isotopomers, or the value
of force constants which have not been released in the fit.

The resulting force field is given in Table 6. Ascan be seenin I’able 7, most of the input data
has >cen well reproduced. The knowledge of more isotopic shifts or inertial defect di fferences may
hely to determine all of the CIONO, force constants. Inertial defects calculated from the force ficld
arc given in Table 8; they may be of help for the assignment of vibrational satelites in the pure

rotational spectrum of CIONO,,.




213 -

(b) Discussion

The experimental and ab initio force ficlds arc quite similar; in many cases changes in the
constants arc smaller than 10 % (cf. ‘1’ able 6). Because strong mixing occurs bet ween v, - v it is not
surprising that the potential encrgy distribution (PEI) and the isotopic shifts for these fundamentals
differ substantially bet ween the experimental and ab initio force field. The ab initio C] O stretching
force congtant is smaller then the experimental one; this is consistent with the longer C10 bone] length
(170.7 pm (27) versus 167.3 pm experimentally (75)). This kind of deviation is rather typical for
CCSD(T)/1'72P caculations. It should be pointed out that the agreement bet ween experimental and
calculated CIO bond length and total dipole moment was better at the MP2/T72Pf level (32).

The C1O force constantin CIONQ, is slightly larger than the oncin Cl,O, butmuch smaller
than in C10 (¢f. ' 1'able 9). The trend is opposite for the C1O bond lengths, as is usually the case. Since
the ionic- and n-character of the C1O bonds in CIONO, and C1,O arc very similar (¢f. Table 4), it
may be concluded that the strengthening of the C10O bond in CIONO, is caused by a stronger o-bond.
The NO stretching force constant and bond lengths in CIONO, and NO, arc essentially the same, but
the NO,NO interaction force constants differ substantially.

in Ref. (15) the relationship between (a) the clectronegativity of X (or better XO) and (b) the
structural parameters r(ON), r(N=0), and /( O=N=0) in XONO, molecules has been pointed out. The
ONO angle is a particularly sensitive probe, because that angle changes from 180° in NQO,* (34) over
ca. 134]" in the NO,radical (29) to about116°inNO, (.? S). Given the fad that the ONO angle in
CIONO, isessentially the same as in NO,, it can be concluded that the clectronegativities of the C1O

and NO,groups arc very similar, that the clectron density at the N atom in NO, changes only margi-
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nally upon the formation of CIONO,, and that the ON bond in this molecule has very little ionic
character.

T'he PIiD and the Cartesion displacement of the normal coordinates indicate that v,, v,, v, and
v, arc essentiall y unmixed and well described as asymmetric anti symmetric N O, stretch i ng, out-of-
planc, and torsional mode respectively, in agreciment with most other assignments (scc c. g. Ref. (6)).
1 ‘or the remaining modes the Situation is more complex. Both v,andv, have substantial CIO stretch-
ing and NO, bending character (¢f. Yig. 5). They arce best cie.scribed as asymmetric and symmetric
combinations of these modes: v, ={ v(Cl0)46(NO,)},,and v, = { v(CIO) + 6(NO,) ),. Both V,and
v, have substantial ON stretching character (sce ‘1’ able 6 and }ig. 5), but arc rather difficult to de-
scribe appropriately in terms of internal coordinates. The v, vibration is also somewhat complex, but

it is reasonably well described as a CION bending mode.

V. CONCIL.USION

The pure rotational spectra of CIONQO, in the ground and v, = 1 states have been reinvestigated.
Improved and new] y determined Spectroscopic constants permit accurate predictions of line positions
well into the submillimeter region for both **Cl and *’Clisotopomers. The complete quadruple ten-
sor has been determined for the first time, revealing a largely covalent ClO bond. The force ficld calc-
ulation indicates a slightly stronger C1O bond than in C1,0, consistent with the shorter bond length.

in addition, it has cnabled the desciption of the normal modes in terms of internal coordinates.
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“1'able Caption

Accidental Near-Degeneracies of CIONO, Investigated in This Study and Ynergy
Differences AF (MHz).

Obscrved I tequencies of Rotational Transitions (MHz) of CIONQ,, Uncertaintics, and
Residuals® (O-C) (kHz).

Rotational (M11z), Centrifugal Distortion (or Differences) (kHz), Quadrupole Coupling
Constants (M} 1z), and Inertial Defects (amu A?) of CIONO,, and Weighted Standard
Deviation of the Fit.

ClQuadrupole Coupling Constants and Derived Parameters of ¥ CIONO,, v =0, in
Comparison to Related Molecules.

Spectroscopic Constants* , Standard Deviations (em™), and Inertial Defects 4, (amu
A of the v, Band Using Ground State Constants of the I’ resent Study.

Harmonic Force Constants (N m™) and Potential 1 incrgy Distribution (PED) of
CIONO,.

Experimental Vibrational Wavenumbers vi, isotopic Shifts A v;* (cm-l), Quartic Centri-
fugal Distortion constants (k11z), and Inertial Defect Differences A A £ (amu A?) of
CIONGO, in Comparison to Values Calculated from the Force Field.

Incrtial Defects A, (amu A2) of CIONO, for Various Vibrational Modes.

Comparison of Selected Yorce Constants (N m™) and Structural Parameters (pm, deg.)

of CIONO, with ‘I-hose of Related Molecules.
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Vig. 3. The 23, 17 -22, jstransition of “CIONO, in the ground vibrational state. (a) Fxperimental
spectrum, (c) simulated spectrum wit hout y,,, (b) simulat edspectrum with y,,, the shifts duc to y,,
arc indicated by dashed lines.
Fig. 2. Detail of the energy level diagram of **CIONO, in the ground vibrational state. () Unsplit,
unperturbed level, (b) splitting caused by the Cl nucleus, (c) perturbations through y,,. Order anti
quantum number assignment reversed on the left hand side.
Fig. 3. The 2.4,18- 22, 5 transition of ** CIONOQ, in the ground vibrational state.
Fig. 4. Principal inertia and quadrupole axes of *CIONO, and one possible direction of the dipole
moment. Dipole components from Ref. (4); suggested direction of the arrows is from +4to - .
¥ig. S. The Cartesian Displacements of the v, to v, normal coordinates. The vectors arc lengthened

for clearness.




Isotopomer Vibrational State Upper level 1 ower level AL

246 23, 42.6
SCIONO, ground state : he
23, 1, 24, 19 243.2
17 16 69.0
YCIONO,  ground state - S
21, 23, 525
*CIONO, Vo= 1 196 13 205 226.0
21 20 1010.8
M CJONO, vy =1 i i
A 20, ., 1755.5
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(a) *CIONO,,v = 0

Sgike = Vgxe ¥ Obs.Freq.  Unc. O-C

28,55 -28226 #3 96304430 35 .16
+1  96307.224 35 -1l

54454747 *3 96627551 20  -14
41 96628925 20 10

478,39-477,40 +1 08222.265 30 21
3 98223219 30 -lo

464 -4664, *3  98390.959 50 53
+1 98394580 50 -102

45 6,39-45.$,40 +3 99211.665 35 -17
41 99214638 35 -2

746.18-245,19 +? 09270553 15  -lo
-3 99273244 15 -7

+1 99275320 15 5

50,4 - 50,,, *1 99286759 30 -4
166,0- 165, *1 104524078 35 5
21319-20,,, 1 105101293 25 1
+3 105101662 25 29

29,,.-29,,, *3 105345212 25 6
+1 105345776 25 -]

33,,,-3352, 43 105422633 25 -13
41 105423948 25 12

28, -28,,, *3 105438355 35 -3
+1 105442051 45 -10

55,,-55847  +1  105523.422 30 1
+3 105524060 30 -15

44,, -45,7 3 106157.708 40 15

+1  106159.142 40 17

21 4185 - 20, 106863.779 55  -13
3445 - 3455, 3 106878.837 50 .15
+] 106880.263 40 -9

27g,-273,24 107413731 40 -51
3479734628 *1  107S87.345 50 5
+3 107588239 50 -8

Glggy. Ggs3 3 107645236 30 3
15515- 14,,, 23 107649.167 50 59
25,, -2612, #3 107742010 50 -30

+1 107745389 40 -16







Jxake = Jkoge ¥ Obs. Freq.  Une. O-C
413 35-403.37 201218050 70 39
40,,-3932, +1 201318,158 100 155
+3  201320.002 100 -2

40, -39, +] 201386922 100 40
+3 201388622 100 -18

40, -39,  +1 201422699 100 -8l
43 201424393 100 -28

40,,-3927, +1 201498.605 100 -119
+3  201500.110 100 -35

40,, - 39,, 1 201539.416 100 6
+3 201540810 100 84

41435 40,4, 201575531 70 -37
40, -39 +1 201S82423 100 -18
+3 201583762 100 105

40,, -39« 21 201628267 100 -59
+3  201629.475 100 29

40,; -3923, +1 201677.672 100 -20
+3 201678799 100 81

405, 3922 +1 2017313329 100 21
+3 201732304 100 66

40,, 3921, +1  201790.143 100 8
+3 201791066 100 79

40, -39,4 202513.087 70 21
40,., -39,0 203720558 70 37
40413 - 3%, 205025985 70  -46
45,45-44.44 205365.292 70 5
40,,.-39,,33 205378.824 70 -157
43,,.-423,40 205442.491 70 -103
43, -422,40 205446,950 70 -30
40,,,-396,33 211585587 70 59
73:4,7224 369080.062 45 -3
721459-71,4,58 369175.448 40  -17
21 71,4, 369260.559 40 -21
73,,-7223, 369322.644 40 7
73555 12861 369431.781 40 -3%
Gly -6l #3 369530936 60 -48
+1 369540590 80 33

139.- 72y, 369595.732 40 6
60,.,- 60,  *3 369780.098 40 -lo
+]  369780.738 40 33
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Fwke Ikexe ¥ Obs Freq.  Unc. O-C
59, -5019, +3 370008.770 50 -30
50, -5619, +3  370630.351 50 -9

+1 370631062 50 -3

83974 -829,73 418615448 60 -8
85,5 - 84y 429261.222 80 -54
95,,5-94,94 430102.879 70 -102
94,.- 939 430109.012 70 -13
82369 -8 11368 430116.881 80 -76
93,,-92,90 430119.920 70 47
92,.,-91,., 430142166 70 79
85,,-84,, 430422487 70 48
841668 - 83,41 430821.049 60 -27
8617,70'8517,69 440148.795 60 6
80,7 69- 857 440164217 60 7
8755, - 86y, 440315102 60 26
881079 87,975 440418932 60 33
88, -879,,8 440502.091 60 40

() CIONO,, v = 0

Jiake - 'kexe F*° Ohs Freq. Unc. O-C
500 -165,, +] 84165.265 20 -2
-3 84165.632 20 -15

84166.467 5 -1

+3 84167.233 15 5

174,13 - 104, -1
+3

-3 84873.936 20 -2

+1 84874241 20 27

184,14-174,13 +1 90126.423 20 -16

84872.681 20 18

-3 90126746 20 30
1
9012798 20 4
43
19,4~ 18,, =1  90230.320 25 -3
43 90230622 25 o5
20.,,,- 19, 5, 90423.363 25 -5
20 20-1946 90495.903 20 -21
20520 - 19,10 90528660 25 -7




Jrake = goxe F*® Obs.Freq.  Unc. O-C

19,,5-18,;;, *1 91049799 20 -1

+3  91050.243 20 3

18216-1721s 21 91473.761 20 -17

123 91474135 20 0

199, -189, 41 93568222 30 22

+#3  93569.364 30 21

198,-188, +1  93644.146 35 -8

+3  93645.034 35 -1l

49,,-497,42  +1 96972939 25 -lo

+3 96973585 25 -8

3150,-3140 #3 97220122 40 -14

21 97221751 40  -52

51 744-51645 3 97440.595 40 -2

20,, 19, +1 98261777 30 -34

-1 98262136 25  -17

+3  98265.338 25 -38

-3 98265730 70 12

38,3386, #3 98628840 50 2

415--4143 #3 98642125 35 -8

+1 98644810 35 -lo

56445 - 56740 #3  98860.013 40 -16

+1 98861190 40 -6

20,,,- 1936 102713.605 30 0

37433 3753 #3  104509.035 40 -12

+1 104511908 35  -14

47,,-47542 3 104517.012 30 -19

+1  104519.417 30 16

2055, 25, 3 104834320 35  -14

+1 104836.068 35 13

2222 -2h *1  105059.552 25 3

+3  105060,060 25 -8

29227-29,,, #3 105299.222 35 12

+1 105302335 35 34

16410-10s;;, -3 105314250 50 40
+3

" 105316.066 50 5

30,5 - 29,,c *3 106260408 30 16

33330332,31  *3 106778398 60 -54

+1  106781.386 60 8

32,,-32330 3 107544037 50 61
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Jare Vg ae F*¥* ObS. Yreq.  Unc. O-C
32,,-323,30 +1  107546.432 50 38
356,30-355.31 =3 107608,557 40 -5

+1  107609.64S 40 -1

2213, - 21, +]1  108208.872 40 0

+3  108210.440 40 15

2i2- 2112 +1 108247743 20 -14

-1 108248.093 20 -8

+3  108249.071 20 -15

-3 108249.417 20 -4

641051 - Gdo,s #1  11S760196 25 -5
+3  115760.668 25 14

39634 39535 *3  11620S.906 2s 17
+1  116210.314 25 17

54.,,.-546,48 +3  116658.845 25 17
31724 36,25 116903.404 30 10
26., - 25,55 116976.489 20 -2
25,24~ 24,5, 116978.451 35 0
26,,,-251,25 116983.675 25 -7
26.,,, -25¢,5 116987.131 25  -11
26,56 " 2505 116994.329 20 -5
25,,4-241,23 21 117130,595 20 -10
+3  117130.47 20 14

234197224 14 117214.065 30 -7
353,-352,33 3 117394198 40 O
+1  117396.808 30 50

24, -232  +1 117856702 20  -19

-1 117857.031 20 28

+3  117860.160 20 -15

-3 117860.475 20 17

24,4, -23,9, +3  117912.643 40  -15

24, -238, 1 117930680 40 -lo

+3  117932.982 40 -12

24,,-23,, +1  117953.454 30 -3

233 20- 22310 117954.790 40 s
24,,,-2316, +1  117979.034 30 -13

+3  117980.854 30 -lo

245 -23,5, +1 118008.334 30 -14

+3  118009.932 30 -11

24, -23,, +] 118042586 30 5

+3  118043,981 30 14
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Jkeke = Vkege ¥ Ohs Freq.  Unc. O-C
24, -23, 1 118083.466 30 -12
‘43 118084665 30 -7

24, -23, +1 118133459 30 -lo
+3 118134474 30 -6

39,.,-38,8, +1  191926.633° 100 91
4]2,39 ’ 403,38 192011.149 70 -164
41330~ 4044 192042.804 70 0
41239~ 40,5 192056.138 70 -32
41330 40,44 192087.809 70 148
3931 58,30 194726.884 70 -3
40,39, 196671,760 70 251
40,,-3919, 196797423 70 -8
40,8,-39,8, 196872.912 70 54
40,,-39,7, 196959581 70 33
4015,-39,5, 197180.511 70 81
40,,,-39,2 197726070 70 -25
404 36 - 39415 198264.377 70 60
40 0,3,-39,0,30 198401.659 70 -212
4010 30 391020 198404.239 70 -149
4, - 40,,  +1 201283561 100 -82
+3  201284.780 100 20

127,-40, =1 201321528 100 28
+3 201322539 100 1

412,,-4025, +1  201403.247 100 85
+3 201403994 100 -56

4123, - 404, 201496.311 70 14
4154 % 202150.711 70 61
42, -41 2, +1 206424542 100 104
+3 206425.238 100 104

42,,,-4122, 206480.337 70 212
42,,-41,, 206608.388 70 -4
42,417 206610.926 70 66
4264118, 206770.345 70 -63
51,50-50,49 231622.019 70 31
15,7427 368967,112 60 -9
7556 - 745 369141.796  4s  -19
741065 - 131064 369187.038 40 -32
759 67-749.66 3692,70.885 70 -64
75,,-7425 369333.562 50 45
T390~ 1261 369477,727 50 -24




Jgoke = S gexe ¥ Ohs. Freq.  Uric. o-c
75,,-7424, 369545.778 45 -16
D55 - T4y 369782480 40 -1
755, - T4, 370048.847 45 -lo
75,,,-74,9 371103723 45 22
97,.-96,, 429241.636 80  -40
96,,, - 95 4, 429247704 80 27
95,,-94,92 429258.463 120  -16
94, - 934 429280.656 70 15
894, 88540 430123.554 100 -33

891170 - 884y 75 440029.444 70 62

88, ,-8712,76 440053.188 70 5

881622 -87,(),7, 440074.513 70 20

871571 - 861472 440552979 60 9
89,, - 88, 440622,492 60 26

861323 - 85,372 440708.404 60 -1

(c) *CIONO,, v, = 1

‘]'l\'n'. ke ™ Mk e J Obs. Freq. Unc. O-C
30,,:30525 1 84377579 25 -15
27225 - 27126 *3 97881.552 50 5

+1 97885616 50 -3
31, -3l4, 3 97964118 40 -14
+1 97966311 40 4
50,,-506,44 43  98620.904 40 -26
+] 98623204 40 -19
31,,6-31,, 3 99231503 40 -5
#1 99235322 40 -1l
9l,4-51gas#3 104874.346 35 2
+] 104876845 35 10
568 48567,49 +3104906.856 50 -6
4] 104908771 35 -7
Als36- 414, *3 105200435 30 -1
+] 105203731 30 13
20517 - 19546 105555.116 50 -6
21, -20,  *1 106121470 35 14
+3  106123.065 35 10
23123 - 22,5 106281.347 30 -4
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Jvore kexe ¥ Ohs Freq.  Unc. O-C
2302 220,22 106289.769 30  -29
6lgso. Glsss  *3  106806.667 25 -3

+1 106807942 25 -6

20516-205,s -1 107468.323 25 -37
+3 ]07468,41 25 -2

41 107469,012 18 -18

-3 107469.303 18 13

21500+ 20, 1 107662.094 25 -4
+3  107662,701 20 -2

2147~ 20, 109395.555 30 7
42445,- 42,5 1 115823.258 30 -1
+3  115824.363 30 13

63954-638,5, +1  116646.489 30 -7
6l10s1- 6155, =1 117180.785 30 -1
+3 117181575 30 -17

58550-58,,, 3 117519176 30 -3
+1 117521509 30 13

31505 3145  #3 117851588 30 8
4] 117852,150 30 2

383.3730, +1 191447632 100 -164

+3 191449786 100 -39

38,9, -3729, +1  191479.957 100 -195

+3 191482.079 100 47

38, -3728, 1 191513.488 100 -57

+3 191515381 100 69

38,, -3727, +1 191548219 100 -6

+3 191549972 100 106

38,, 3726, 1 191584504 100 17

+3  191586.215 100 207

38,,-3725, +1  191622.721 100 32

+3  191624.284 100 190

389723, 1 191706.702 100 -45

+3 191707913 100 -21

38,, -3722, +]  191753.71s 100 -77

x3 191754919 100 43

38 3.,-37,33 101835470 70 45
38, -37,9, +1 191925634 100 -13

+3  191926.633 100 91

38,, -37,7, 192080.475 70 -109

38,4 - 37,4 192427972 70 -19
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4 66,40- 4 65,4, +]

97253.602 25

Jiike = ke F* Obs.tireq.  Uric. O-C
37,4, -365,3, 195229.815 70 -138
40,,,-394,3, 196731.873 70 -104
39,, - 38y, 196870.700 70 -119
387 31-377.30 196985.741 70 63
39,;, -3813, 197722.490 70 73
394,3s -384,34 198347.607 70  -47
444,-43,43 2.01184.472 70 -70
41 445 -404,37 201249.514 70 -17
41 | 38-403,37 201385571 70 -28
40, -39 *3 201731332 100 21
40,%, -39,8, 202157.755 70  -48
732, - 125, 369115.977 45 13
Tlys -70,,,, 360138.499 45 -13
73,.-72,4, 369332294 40 23
34, -33,, +3  369514.057 60 -7
+1 369514.814 60 71
1301, 7223, 369573668 so 29
1915, - 18,4, +3  370654.927 50 28
+1  370656.046 50 -28
833, . 824, 418618,306 70 -103
811360 - 80436 418652912 60 15
92,,.- 9] st 430703,944 60 -49
85,,,-8424. 430706.262 120 190
9361- 9200 430732553 50 -34
94,,- 934, 430772618 60 18
95, -94,9., 430817.633 60 67
89951 - 88450 440193.765 60 -15
89451 - 88550 440199.674 60 -25
87, -8626 440283.309 60 4
86 770- 851760 440414256 60 -2
8617.60 - 85,76 440430.183 60 6
87,5, -8625, 440605.313 60 4
((t) “C1ONO,, vy =1
Praxe - xoxe F* Obs.Freq.  Unc. O-C
Shhae -Slgas 23 96770.514 30 12

-9
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Tiwke = J'xwe F*® Obs. Freq.  Uric. O-C

4]5,3(,‘ 4]4'37 +3 97952.649 30 -|O
20, -19,,  +1 98416947 30
+3 9841 9.00S 30 -
20,,-19,2, =] 98446.942 25 15
+3 98448.683 25 -lo
2011,-1911, *+1 98484.154 25 -1
+3 08485.616 25 -19
20,,-199, +1 08595.248 25 -5
+3 98596.215 25 -16
30,,-30328 +3 98662025 30 8
+1 98664,418 30 14
20,-198, +1 98683222 25
+3 98683.976 25 -7
48g40 - 48,4 1 98769.268 25 -4
+3 98770.046 25 !
32,,732'29 13 98873.756 25 2
+1 98875.466 25 -1
20,,,.-196,14 =+1 99008,840 30 -4
+3 99009.247 25 16
2064 -19,,, =] 99020,394 30 -9
#+3 99020.799 25 12
21590~ 20,4 99301.328 50 7
20,,,.-195,14 09466.705 40 -23
22,,,,-21,,2, 99478.092 25 -7
22,7 2] om 99493,514 30 -22
24615~ 245419 99691.282 30
21,, -20,10 +1 99788500 25 .
+3 99788.864 25 12
Zsic 25 = ggmiesr 30 37
+3
22,0- 21,,, *1 109657.386 35 -4
+3  109657.836 35 22
22ur - 2lse # qo0g700476 25 2
+3
37<,32- 37sn13 110243544 40 -3
+]  110244.784 40 -5
39,.- 38, 191880.655 70 -237
39, - 38, 191936.111 70 -155
39,, -38,8, 192068289 70 55

39,,- 38, 192148722 70 79




Sraxe 3nt g F*  Obs.Freq. Unc. O-C
40,,.,-39436 192320.197 70 -123
395,815, 192353.280 70 215
38533 35 195257.891 70 -92
40,,,-3918, 197017.709 70 192
40,0,3-39,0,30 198538919 70 92
412,,-4021, 201754.404 70 -209
4119-4019, 201888.378 70 3
4118,-4018, 201968.504 70 -167
4115, - 40, 202297.043 70 42
4112 ,-4012, 202881.897 70 27
4143440, ,,, 204872,.545 70 23
76769 - 75,4 369074.337 45 45
72116, -M14 369139.605 60 2
75,, - T4y, 369226.962 45 37
75567 T4y 46 369471776 50 0
73961 12963 369533.371 50 0
75,,,-7425 369591.606 60 6
7s,, -7424 369802.734 40 3
155, - T4y, 370038.238 45 -1
23,, -22,3, +3  370614.267 50 20
+1  370615.250 60 -29

881673 - 871672 440229.769 100 -25
881597 - 87156 440236.798 80 51
891190 - 88178 440239.132 80 35
88672 - 87161 440342.710 60 -29
89,, - 88,, 440396.419 70 -8
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*Observed frequency minus that calculated from the spectroscopic constants. Intensity-weighted average for blended lines.
b (F - J):in general for both upperandlower states, for the AJ = 2 transition both values are given. «.¢. Blended.




—

parameter

ground state

3CIONO,

CIONO,

3CIONO,

“CIONO,

A
B

d, x 102
d, x 10°
(A) H,x10%
(A) Hy x 10
(A H,x10°
Hy x 10°
B, X 10"
hy X 10*°
h, X 10"
Kaa
X
Lyl

rms

12105 .784456 " (768)

2777.0009842 (1235)
2258.1510524 (1286)

0.5007004 (411)

3.855784 (400)
9.47049 (630)
-9.579130 (1906)
-1.771828 (786)
-1.3772 (339)
-5.8710 (455)
-1.2156 (605)
2.683 (1059)
-1.5427 (1714)
-4.601 (777)°
3.709 (450)’
-83.880 (94)
-44342 (21 6)
74.191 (87)
0.067S89 (19)

12105.326584 (1641)
2700.9741107 (1 126)
2207.6044577 (1 189)

0.4809592 (451)
3.715916 (638)
9.66338 (2181)
-8.973687 (2153)
-1.616437 (878)
0.1007 (440)
0.3934 (662)°
-0.2837 (1250)"

-65.968 (164)
-34.6 11 (207)
58.501 (154)

0.068044 (19)

12004,639909 (1438)

2776.8148366 (1824)
2262,1330537 (1810)

0.5084924 (588)
3.847448 (535)
8.09573 (596)
-9.591268 (2018)
-1.688908 (895)
0.0223 (489)’
0.2203 (650)°
0.2078 (855)°

-82.980 (191)
-42.859 (241)
73.18 (72)
-0.690003 (29)

1.106

12003.626031 (2016)
2700.8682752 (1822)
2211.4684238 (1714)

0.4883448 (555)
3.708612 (873)
8.23273 (755)

-8.979438 (4066)
-1.541817 (2049)

[
[

d

-66.1 1 (42)

-33.88 (32)
64.2 (48)
-0.692991 (28)




“Numbers in parentheses are one standard deviation in units of the least significant figures. Watson’s S-reduction
in the representation I was used. See also text for details. ® 4" = H('CIONQ,) H(CIONO,).
“A4v:=H(yy=1) - Hy=0). ¢ Both b and ¢ applied, uncertainties propagated.

*Common constant for both isotopomers and both vibrational states.
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parameter

ground state

3CIONO,

CIONO,

3CIONO,

CIONO,

A
B
4,

AJK
AK
5, x 10°
5}(
(A) D,x 10%°
(A) Py x 1O
(A) @y, x10°
&, x 10°
¢, x |0
o x 10
P x 108
Xaa
pa

Zab
4;

ms

12105.784223 (768)
2777.0062903 (1234)
2258.1458787 (1285)

0.5361365 (433)
3.6430S0 (436)
9.64759 (629)
9578935 (1901)
2.61989 (120)
-1.4687 (346)
-3.608 | (2743)
-1.9694 (1076)
3.187 (1057)
-1.1664(1654)’
-1.6235 (1 150)°
3.372 (683)’
-83.883 (94)
-44.351 (216)
74.192 (87)
0.068749 (19)

12105.326297 (1641)
2700.9792387 (1 125)
2207.5994585 (1 180)

0.5132879 (499)

3521888 (640)
0.82422 (2175)
8.973836 (2137)
2.52976 (135)
0.1043 (439)’
0.2643 (682)’
-0.2462 (1249)°

-65.967 (164)
-34.614 (207)

58.502 (154)
0.068917 (19)

12004.639641 (1439)
2776.8198740 (1823)
2262.1281358 (1808)

05422626 (644)
3.644725 (581)
8.26443 (596)
9591217 (2013)
2.49004 (135)
0.0145 (488)°
0.1726 (648)
0.2206 (856)’

-82.980 (191)
-42.870 (241)
73.10 (72)
-0.689188 (29)

12003.625722 (2016)
2700.8731414 (1812)
2211.4636682 (1707)

05191728 (754)
3523543 (988)
8.38666 (757)
8.979647 (4067)
2.40545 (339)

d
d

d

-66.11 (42)
-33.89(32)

64.3 (48)
-0.692164 (28)




® Numbers in parentheses are one standard deviation in units of the least significant figures. Watson's A-reduction

in the representation T was used. See also part a) for further footnotes and text for details.




parameter * CIONO,* *CL0 BCIr®

Xa s MHz, -83.880 (94) -71.45 -145.8718
Xw /| MHz, 19.769 (102) 6.86'
Xee = Xy | MHz, 64.111(131) 64.59
Xl | M1z 74.191 (87) - 821
X, ! MHz -122.692 (21 9) -123.2 -145.8718
./ Mz 58.581 (337) 58,6
n, 0,0451 (29) 0.05
0, | deg 27.532 (34)’ 32.2¢
0./ decg 30.28 34.6°
i 0.048 -0.048 0.29
n 0.033 -0.035

<

*Thiswork. °Ref. (20). ¢ Ref. (21)."Ref. (22); sec also text.
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parameter *C10NO, Y CIONO,

Vo 780.2163222 (371) 778.8696325 (499)
AA x103 0.131613(2417) 0.070302 (5 139)
AB x 10° -0.108609 (628) -0.126392 (1 039)
ACx 107 -0.188068 (485) -0.189952 (780)

A, 0,4289 (23) 0.4054 (41)
rms x 10° 0.447 0.390

*Line positions from Ref. (/3), uncertainties 0.0005 cm;

numbers in parentheses are one standard deviation in units of

the least significant figures; centrifugal distortion constants

fixed to ground state values.
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para- force constants PEDP

meter” exptl.c ab initial v, v, v, v, V, v, v, Ve ve
Tx 350.2 327.0 0.33 0.38 0.23 0.12

. 202.0 2131 0.04 0.12 0.62 0.53

; 1088.8 1107.3 0.56 0,47

1. 1071.7 1100.1 0.SS 0.46 0.04

1, 151.9 157.6 0.07 0.10 0.22 0.69
7, 286.7 282.1 0.09 0.05 0.77 0.15 0.22 0.19
1 261.7 264.1 0.08 0.04 0.53 0.23 0.32 0.20
Joop 40.9 40.3 0.96 0.07
1. 10.1 11.0 1.02
Jrs 434 38.9 0.04 -0.07 -0.12

T 1.3 1.3

Jrw 04 0.4

Jra 28.3 25.7 -0.04 -0.05 0.06

i -20.3 -11.4 -0.07

Jre 12.6 15.4 -0.04

Jsy 66.7’ 66.7

S 79.9 79.9

Jsa 52.3 50.6 -0.03 0.06 -0.22 -0.06 0.06
sy 784 755 -0.20 0.20 -0.22 0.03
Jss 65.4 60.7 -0.09 -0.23 0.24

fou 117.8 136.8 -0.12 0.10

. 149 -14.9

Iy -15.0° -22.4

Jos -62.0" -735

.. 16.0' 16.0

fy -55.0' -65.5

Lo -3.0" -8.1

Ty 28.2 26.7 -0.08 -0.05

Lo 21.8 21.2 0.04 0.05 -0.08
Jys 137.5 135.9 -0.08 0.05 0.07 -0. 18 -0.27 -0.20

Joop.x -3.6° -3.6
#




"R =)-( C10), S = HON),v=r(NO), w = r(NO), « = /(CION), y = /(ONO,), d = /(ONO)),
oop = out-of-plane, t = torsion. "For *CIONO,; only contributions > 0.03 arc given.

“This work. ‘Ref. (27). ® Fixed. 'Adjusted, sce text.
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para- ¥CIO“NO, YCI0MNO, $CIOPNO,

meter ohs. talc. obs . talc. ohs. talc.

(A) v, 1736.9 1728.4 0.01 42.8" 40.03

(A) v, 1293.2 1291,8 -0.37¢ 0.01 12.0° 13.51

(A) v, 809.4 810.8 1.7 1.69 4.7 4.43

(A) v, 780,2 780.6 1.36 1.36 7.2 6.21

AV, 563.1 561.3 1.7 1.74 3.2 1.57

(A) v 435.4 432.6 2.6 2.72 19 1.68

A) v, 262.1 257.6 2.69 0.56

(A) vy 7110 710.6 0.01 17.1 18.16

(A) vg 120.2 120.3 0.43 0.06
A, 0,5361 0.5362 0.5133 0.5131 0.5329
A 3.643 3.660 3.5222 3.539 3.644
AK 9.648 9.369 9.824 9.524 9.401
6, 0.09579 0.09575 0.08974 0.08967 0.09471
Oy 2.620 2.567 2.530 2.478 2,552

AAv, 0.1031 0.0804 0.1039 0.0804

AAv, 0.3602 0.3602 0.3365 0.3360

AAv, -0.75794 -0.75793 -0.76108  -0.76106

"AvT 1= y(PCIONO)) - v,("CIONO,); Av,"S := v(*CIO¥NO,) - v(*CIONO,).
® Watson's A-reduction, sec text. ‘A A= A- A, “Not used in the fit, see text.
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*CIONO, “CIONO,

A cent 0.000878 0.000886
4, 0.065543 0.0656/0
A, 0.036730 0.036858
A, 0.145900 0.146024
A, 0.142078 0.167489
4, 0.425690 0.401680
A 0.330229 0,338492
Ag 0.261630 0.260449
A, 0.566828 0.565564
Aq -0.495722 -0.498789
4, -0.692384 -0.695391
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CIONO, CLO" Clo NO,”
fero 350.2’ 294.9 471.3f
r(ClO) 167.3 169.59 156.96¢
o 1088'8: 1090.6
1071.7
In-on-0 117.8° 193.5
r(NO) 119.6 119.46
/(0=N=0) 132.6 133.83

*For CIONO, r, parameters (15),r, else. “Ref. (22). “Ref. (29).
*This work. "Derived from Ref. (37). tRef. (29),
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